The aim of this study was to determine the maximum tolerated dose and the haematological and non-haematological toxicity of chlorambucil in male Wistar rats. Chlorambucil (pulverized pills or pure substance) was dissolved in ethanol and administered orally at a dose ranging from 0.15 to 50 mg/kg/day for 5 days.
possibility of oral administration and low cost, it is an attractive drug used in the combined treatment of haematological malignancies that are otherwise difficult to handle.
This study was aimed at determining the maximum tolerated dose and the haematological and non-haematological toxicity of chlorambucil in Wistar rats. Results of this study are intended for use in the testing of combinations of chlorambucil with other chemotherapeutics (especially fludarabine). This combination will be tested as preparing non-myeloablative regimen for bone marrow transplantation, as we hypothesized that this chlorambucilfludarabine combination might have the potential as a good conditioning for high-risk lymphoid malignancies.
Materials and Methods
The experiment was divided into three stages: stage 1, determination of the toxicity of doses of 0.15, 0.25, 0.5, and 0.75 mg/kg/day; stage 2, determination of the toxicity of doses of 2, 4, 8, and 12 mg/kg/day; and stage 3, determination of the toxicity of doses of 20, 30, 40, and 50 mg/kg/day. The drugs were administered for five consecutive days after 14-day acclimatization. Clinical examination was performed daily, haematological examination in the 1 st , 2 nd and 4 th week and biochemical examination in the 1 st and 3 rd week after the therapy had finished. Animals of stage 3 were also sampled two months after therapy had finished. Animals of stages 1 and 2 were euthanized one month and animals of stage 3 two months after cessation of therapy, and the samples for histopathological examination were collected.
The experiment was approved by the ethics Committee of the University of veterinary and Pharmaceutical Sciences Brno, Czech Republic.
Animals
All experiments were performed using SPF outbred Wistar rats (males) ranging in body weight from 195 to 200 g, purchased from Anlab (Prague, Czech Republic). Acclimatisation lasted 2 weeks. Animals had free access to drinking water and complete food (Biostan Mypo, Biosta, Blučina, Czech Republic) supplied ad libitum during the whole experiment. Fifty-two animals were randomly divided into 12 experimental and 1 control groups. each group included 4 animals and was used to test one of the drug concentrations; the control group included 4 animals, as well. The rats were examined clinically after acclimatisation; they were blood sampled through venous approach to determine initial haematological and biochemical values as well as immunophenotypes of leukocytes.
drugs
Stage 1: Tablets of Leukeran tbl obd. 2 mg (GlaxoWellcome, Great Britain) were pulverized, then dissolved in 60% ethanol and the solution of each concentration (0.15, 0.25, 0.5, 0.75 mg/kg/day) was administered using a gastric tube.
Stage 2 and 3: Chlorambucil (LKT Laboratories, Minnesota, USA) was dissolved in 96% ethanol, divided in aliquots in micro test tubes and kept at -20 °C until use. Shortly before use, the solution was diluted by water for injection down to the ethanol concentration of 50 to 60% and administered at the right concentration (2-12 mg/kg/day and 20-50 mg/kg day, respectively) by a gastric tube to rats anaesthetized for a short period by ether. Chlorambucil was administered once daily for 5 consecutive days in all the experimental stages.
ethanol (60%, 0.7 ml per animal) was administered orally to control animals once daily for 5 consecutive days.
We started with low doses of chlorambucil corresponding to therapeutic doses used for the treatment of human lymphoid malignancies (0.1-0.2 mg/kg/day). Then we proceeded to higher concentrations of chlorambucil to achieve toxicity.
Sample collection, examination
Blood was collected from v. caudalis lateralis under mild ether general anaesthesia. Rats were examined clinically on a daily basis; body weight was measured twice a week during the first 14 days and only once per week later, for one (stage 1 and 2) or two months (stage 3) from the start of the experiment. Haematological indicators such as the red blood cell count, white blood cell count, platelet count, differential leukocyte count, packed cell volume, and haemoglobin concentration were determined using the analyzer Celltac alpha meK 6318, Nihon Kohden, Japan. To evaluate differential leukocyte count, blood smears were stained according to Pappenheim. These examinations were performed before the experiment (initial values) and in 1 st , 2 nd and 4 th week after the therapy had finished. Six survived animals in stage 3 (three after the dose 20 mg/kg, two after the dose 30 mg/kg and one after the dose 40 mg/kg) were also sampled two months after treatment. Biochemical examination included following indicators: urea, creatinine, ALP, ALT, AST, Na, K, and Cl determined using an automatic analyzer Konelab 20i (Thermo Scientific, Finland). Biochemical variables were analyzed before (initial values) and in 1 st and 3 rd week after therapy. Flow-cytometric examination aimed at Cd3, Cd4 and Cd8 markers (Cytomics FC 500, Beckman Coulter Inc., FL, USA) was preformed before the therapy and 3 days after the therapy had finished. Samples collected for histopathology included heart, lungs, adrenals, liver, spleen, oesophagus, stomach, duodenum, ileum, caecum, colon descendens, urinary bladder, and brain from individuals that died or were euthanized using ether. Histological specimens were stained by hematoxylin-eosin and Azan and examined under light microscopy.
Statistical evaluation
We determined the arithmetic mean and standard deviation. Paired Student's t-test was used for the evaluation of significance of differences between pre-treatment and post-treatment values (significant p < 0.05, highly significant p < 0.01). The evaluation was performed using microsoft excel software.
Results

Clinical changes
no overt changes of the clinical state of health were noticed in stage 1 and 2.
Stage 3: Three and two individuals died before the end of the experiment in the group of rats given 50 mg/kg and 40 mg/kg of chlorambucil, respectively. All groups showed body weight loss and growth retardation, apathy, decreased food intake and moderate diarrhoea.
Control group: No overt changes of the clinical state of health were noticed in 3 of 4 animals. one rat was euthanized due to aspiratory pneumonia.
Haematology
The severity of myelotoxicity of chlorambucil depends on the dose; leukocytes were the cells of predominant damage. Low doses of chlorambucil (stage 1 -0.15, 0.25, 0.5, 0.75 mg/kg/day) caused only minor decrease of leukocyte counts, while medium doses (2, 4, 8, 12 mg/kg/day) resulted in more marked leukopaenia. High doses (20, 30, 40 mg/kg) of chlorambucil lead to considerable leukopaenia together with dominant lymphopaenia (Table 1 , 2). The highest dose (50 mg/kg) resulted in the death of 3 of 4 rats and leukopaenia in one survivor (data were not statistically processable). The leukocyte population in rats treated with high doses was within the reference range two months after the therapy (56 days) but lower than before chlorambucil administration. There were only minimal effects on populations of red blood cells and platelets in all stages of the experiment.
A mild increase of total leukocytes was noticed in the control group (p < 0.05) -neutrophilia and lymphocytosis occurred. 
Biochemical indicators
Almost no changes were found in the concentrations of ions. likewise, urea and creatinine showed only minimal changes in all groups. Activity of alkaline phosphatase varied with the dose. At the lowest concentrations it was mildly lowered (stage 1), mildly increased in stage 2, and decreased in stage 3 due to the cessation of growth. AlT activity decreased in dependence on the dose, except for the group with 50 mg/kg/day, in which a considerable rise was found. AST activity decreased in groups receiving higher doses. All changes were non-significant (p > 0.05) in experimental as well as control animals.
Histological examination
Samples of individual organs were collected from animals receiving the highest dose (stage 3). Histological examination revealed pneumotoxicity (haemorrhage within bronchi, damage to the structure of bronchial epithelium, locally nearly bullous emphysema with areas of parenchyma carnification) and nephrotoxicity, severity of which was chlorambucil dose-dependent. There was damage to the epithelium of proximal and distal renal tubules at all doses and cortical haemorrhage in animals with the highest dose (50 mg/kg/day). GIT toxicity manifested itself by defects of the epithelium leading to uncovering the fibrous stroma of villi in the duodenum, jejunum, ileum, caecum and colon descendens; gastric and esophageal mucosa remained intact. other organs examined showed no histopathological changes. organs of the control animals did not show the previously described changes.
Discussion
low-dose chlorambucil is a relatively safe and low-toxic drug. marked side effects are described during a high-dose therapy or accidental intoxication. The main side effects recognised in human medicine include myelosuppression -pancytopenia, anaemia, thrombocytopaenia and/or leukopaenia (Nicolle et al. 2004; Summerfield et al. 2002; Blumenreich et al. 1988) , neurotoxicity -changes of EEG, fits, seizures, apathy, derangement, ataxia, excitability (Hehn et al. 2003; Byrne et al. 1981; Pradhan and Marsan 1963) , gastrointestinal toxicity (vomiting, nausea, diarrhoea), fertility disorders and increased risk of secondary malignancies (Summerfield et al. 2002) . Hepatotoxicity and pneumotoxicity have been reported only infrequently (Summerfield et al. 2002; Blumenreich et al. 1988) .
Low doses of chlorambucil (0.15-0.75 mg/kg/day) were well tolerated and the rats showed no clinical and laboratory changes. Intermediate doses (2-12 mg/kg/day) were also tolerated very well with only mild changes of white blood cells and mild increment in activities of liver enzymes; these doses did not result in significant clinical changes of the physiological state of health. Acute toxicity of chlorambucil was only found in groups of experimental animals receiving the highest doses (20-50 mg/kg/day); there were deaths of several individuals and a body weight decrease. The most severe damage to organs during stage 3 of the experiment was found in the bone marrow, kidneys, lungs and intestines. myelotoxicity resulted mostly in leukopaenia. There was a profound drop in leukocytes lower than 1 × 10 9 /l during the first week of administrations. The drop was only of short duration because the numbers of blood cells were beginning to return to the reference interval during the second week of the experiment; however, two months were not sufficient enough for the counts to return to the initial values. At the same time there was a change in the percentage of leukocyte types. Lymphocytes dropped from the initial 70% to 5% and granulocytes and monocytes increased. The change in the ratio of Cd4 + and Cd8 + lymphocytes in favour of Cd8 + demonstrates higher resistance of Cd8 + lymphocytes to cytotoxic effects of chlorambucil. Contrary to the reported cases of myelosuppression in humans (Summerfield et al. 2002) , we did not notice changes in the red blood cell and platelet counts. Changes of white blood cells (leukopaenia with fast recovery after cessation of the therapy) were similar as described in humans (Summerfield et al. 2002; Blumenreich et al. 1988) .
nephrotoxicity was revealed only after histological examination (dose-dependent damage to the epithelium of proximal and distal renal tubules, cortical haemorrhage in animals with the highest dose) because plasma biochemical indicators such as urea and creatinine as well as potassium, sodium and chlorides were not altered. nephrotoxicity has been reported as a side effect to the therapy by chlorambucil infrequently; although a case of acute renal failure (acute tubular necrosis) has been recognised following overdose (Blank et al. 1983) .
Profound toxic effects were found in the lung parenchyma (haemorrhage within bronchi, damage to the structure of bronchial epithelium, local nearly bullous emphysema with areas of parenchyma carnification). Pneumotoxicity has rarely been described in humans; most commonly the administration of chlorambucil results in interstitial pneumonia, fibrosis, and damage to the alveolar epithelium, or pneumonia due to the obliteration of bronchi (Weiss et al. 1980; Kalambokis et al. 2004; Khong 1988) . Most frequent signs of gastrointestinal tract damage include vomiting, diarrhoea, anorexia, stomatitis, etc. Gastrointestinal toxicity of chlorambucil in our experimental rats resulted in damage to the small and large intestinal epithelium, in particular, without severe clinical manifestations (only anorexia and mild diarrhoea). There was no damage to the esophageal and gastric epithelium.
Although relatively frequently reported, there were no signs of neurotoxicity in animals in our study. The only sign showing damage to the nervous system was that of apathy. neurotoxicity in humans as well as laboratory animals may frequently manifest only as changes of EEG (Pradhan and Marsan 1963) . Other signs include apathy or, on the other hand, hyperexcitability, ataxia, and derangement or alteration of mood (Hehn et al. 2003) . These effects may occur at standard dosage (10-12 mg/m 2 of body surface). Some patients, such as elderly humans, children suffering from the nephrotic syndrome, and overdosed ones, may show epileptiform seizures and clonic convulsions (Byrne et al. 1981; Salloum et al. 1997 ).
In conclusion, toxicity of chlorambucil was evident only after the administration of high doses. Doses of 50 and 40 mg/kg/day showed acute lethal effects. The main toxicity recognised was that of haematological manifestation (leukopaenia), nephrotoxicity (damage to the tubular epithelium), pneumotoxicity (emphysema, carnification of parenchyma, damage of bronchial epithelium) and gastrointestinal damage (defects of intestinal epithelium).
These data are intended for use in the testing of combinations of chlorambucil with other chemoterapeutics when preparing the non-myeloablative regimen for the bone marrow transplantation. Doses used in stage 2 of experiment (2-12 mg/kg/day) seem to be useful for further tests. Their non-haematological toxicity was acceptable and a mild myelosuppressive effect, crucial for transplantation of haematopoietic cells, was found. This effect will be probably deepened if chlorambucil is combined with other myeloablative and/or immunosuppressive drugs.
Toxicita vysokých dávek chlorambucilu u potkanů kmene Wistar
Cílem studie bylo stanovit maximální tolerovanou dávku a hematologickou a nehematologickou toxicitu chlorambucilu u potkanů (samců) kmene Wistar. Chlorambucil (rozdrcené tablety nebo čistá substance) byl rozpuštěn v etanolu a podáván perorálně v dáv-kách 0,15 -50 mg/kg/den 5 dnů.
Sledován byl celkový klinický stav zvířat, hmotnost, hematologické ukazatele (celkový počet erytrocytů, leukocytů, trombocytů, diferenciální rozpočet leukocytů, hematokrit a koncentrace hemoglobinu), biochemické ukazatele plazmy (urea, kreatinin, AlP, AlT, AST, Na, K, Cl), imunofenotyp leukocytů (znaky CD3, CD8 a CD4), rovněž bylo provedeno histologické vyšetření tkání. Dávky chlorambucilu 0,15 až 0,75 mg/kg/den neovlivnily klinický stav zvířat ani laboratorní ukazatele. Dávky 2 -12 mg/kg/den byly tolerovány rovněž velmi dobře, objevila se mírná myelotoxicita (leukopenie) a elevace jaterních transamináz. Dávky 20 -50 mg/kg/den měly účinek myelotoxický -leukopenie (p < 0,01) s dominantní lymfopenií, ovlivnění erytrocytů a trombocytů bylo minimální, histologické vyšetření odhalilo pneumotoxicitu a nefrotoxicitu a gastrointestinální toxicitu. Dávky 40 a 50 mg/kg/den měly akutní letální účinek u 50 % resp. 75 % jedinců.
Výsledky studie budou využity pro testování kombinací chlorambucilu s dalšími léky jako přípravného režimu pro transplantace kostní dřeně.
